Fatigue fractures which originate at stress-concentrating voids located at the implantcement interface are a potential cause of septic loosening of cemented femoral components. Heating of the component to 44˚C is known to reduce the porosity of the cement-prosthesis interface.
Fatigue fractures which originate at stress-concentrating voids located at the implantcement interface are a potential cause of septic loosening of cemented femoral components. Heating of the component to 44˚C is known to reduce the porosity of the cement-prosthesis interface.
The temperature of the cement-bone interface was recorded intra-operatively as 32.3˚C. A simulated femoral model was devised to study the effect of heating of the component on the implant-cement interface.
Heating of the implant and vacuum mixing have a synergistic effect on the porosity of the implant-cement interface, and heating also reverses the gradients of microhardness in the mantle.
Heating of the implant also reduces porosity at the interface depending on the temperature. A minimum difference in temperature between the implant and the bone of 3˚C was required to produce this effect. The optimal difference was 7˚C, representing a balance between maximal reduction of porosity and an increased risk of thermal injury. Using contemporary cementing techniques, heating the implant to 40˚C is recommended to produce an optimum effect.
Aseptic loosening remains the most common long-term complication of cemented total hip arthroplasty. 1 Debonding and fatigue fractures originating at the implant-cement interface have been implicated in loosening. [2] [3] [4] [5] This interface has been identified as the region of the highest peak stresses in the mantle. Voids which are located in this region may predispose to the initiation and propagation of fatigue fractures by acting as stress concentrators. 2, [6] [7] [8] Pre-coating the femoral stem with a thin layer of highly polymerised polymethylmethacrylate improves the shear strength of the cement-stem interface, 9,10 but increased stresses across the cement-bone interface may predispose to early failure at this site. 11, 12 Increased roughness of the surface of the stem also enhances the initial shear strength of the implant-cement interface. However, if debonding does occur, large amounts of cement and metal particulate debris may be generated. 13, 14 Dall, Miles and Juby 15 initially suggested pre-heating the femoral component as a means of accelerating polymerisation of the cement. Bishop, Ferguson and Tepic 16 noted that preheating the femoral stem to 44˚C reduced the porosity of the cement-stem interface. This is thought to result from the initiation of polymerisation at the warmer interface. The technique has not been widely adopted because of concern about the increased risk of thermal osteonecrosis due to the higher temperatures, although Bishop et al 16 identified no significant increase in temperature at the cement-bone interface after heating the component.
The recommendation that the femoral component be heated to 44˚C before insertion was based upon experiments which assumed that the bone interface is at normal body temperature. 16, 17 We believe this to be incorrect. After exposure of the canal, reaming, lavage with saline at room temperature and thorough drying we consider that the temperature of the cement-bone interface is less than 37˚C.
Our study aimed to explore the effects of heating of the component on the implantcement interface and to investigate the interaction of the technique used for mixing the cement and heating of the component on the porosity of the interface. We also examined the circumstances by which this technique could be employed in clinical practice. By determining the temperature of the cement-bone interface, we can decide the temperature to which the prosthesis must be heated in order to achieve reduced porosity at the interface.
Materials and Methods
We developed a simulated model which allowed the temperature of the cement interfaces to be controlled. Polyethylene tubes, 19 mm in diameter and 10 cm in length were secured vertically in a water bath (Fig. 1) . The arrangement was such that the lower ends of the tubes were watertight, and the tubes therefore remained dry. A custom-made jig was manufactured to insert femoral stems to a predetermined depth with the tip 1 cm above the base of the tube and at a predetermined rate of 1.67 cm per second using a Lloyd universal testing machine (Forum House, Hampshire, UK).
The femoral stems were preheated in a water-bath. Before assembly in the jig and insertion into the cement, they were thoroughly dried. This process took approximately 60 seconds. Experiments examining cooling over 60 seconds showed that the stem required overheating by 3˚C to produce the desired temperature at insertion.
This equipment was used to perform two sets of experiments. Experiment 1. The effect of heating the component and vacuum mixing on the properties at the interface was examined using 32 Elite femoral stems (Depuy Ltd, Leeds, UK). CMW1 (CMW, Depuy Ltd) cement was prepared using the Vacumix plus system (CMW, Depuy Ltd) according to the instructions of the manufacturers. Non-vacuummixed cement was prepared in the same manner without connection to the vacuum pump. The water bath was set at 37˚C as in previous studies. 16, 17 Equal numbers of identical components were tested at room temperature and at 44˚C. There were four possible combinations of vacuum mixing and component heating. Each was repeated eight times.
Each mantle was then examined by performing a stem pull-out test to assess the extraction shear strength at the cement-stem interface. The mantles were then sectioned transversely into eight sections (Isomet 2000; Buehler Ltd, Lake Bluff, Illinois). Testing for indentation resistance was performed using a Mituyo semi-automated microhardness tester at three locations across the mantle adjacent to the stem, the mid region and in the periphery in three separate radians.
The transverse sections were then sectioned vertically to expose the implant-cement interface, producing 16 hemisections per mantle. This was examined by SEM and the results analysed using Student's t-test. Experiment 2. There were two parts. In the first, the temperature in the femoral canal was determined in six patients. In the second, the affect of heating of the femoral prosthesis on the porosity of the cement was measured in the laboratory. The temperature of the cement-bone interface after preparing the canal before insertion of the cement, was determined in six patients undergoing primary total hip arthroplasty. We used a sterile, single-use, flexible, end-recording, calibrated thermocouple, which is commonly employed in monitoring critically ill patients in the intensive-care unit. The calibration was verified by means of a water bath with a set temperature and a mercury thermometer accurate to 0.1˚C.
The thermocouple was placed on the surface of the bone interface at the midpoint of the canal after standard preparation involving reaming and pulsatile lavage, before packing the medullary canal with surgical gauze to facilitate drying. This was left in situ during preparation of the cement. Immediately before inserting the cement the temperature was recorded and the probe removed. A mean temperature of 32.35˚C (95% confidence interval (CI) 29.6 to 35.0) was recorded. The effect of heating the femoral component on the distribution of voids throughout the mantle was easier to see if the voids were not removed by prior vacuum mixing. A second experiment was therefore undertaken using cement which had not been vacuum mixed. The temperature of the water bath was set to 32˚C. Exeter stems (Stryker Howmedica Ltd, Newbury, UK) were heated to insertion temperatures of room temperature (18˚C), 32˚C, 35˚C, 37˚C, 40˚C and 44˚C. The stems were inserted four minutes after the onset of non-vacuum mixing of Palacos cement (Schering-Plough Ltd, Suffolk, UK). After the cement had set, the stems were extracted and the mantles sectioned as in experiment 1. The exposed cement-stem interfaces were prepared using a black acrylic stain and examined using Omnimet 3 (Beuhler) image analysis to assess the porosity of the interface by area percentage. Three mantles were examined for each temperature. They were cut into four transverse sections and divided vertically to give eight hemisections. A total of 24 sections were analysed for each temperature. Measurements of porosity were made and Student's t-test used for statistical analysis.
Results

Experiment 1.
The ultimate shear strength of the interface for each group is shown in Figure 2 . No attempt was made to calculate shear stress at the interface since the taper of the stem would render comparison with established data for vertical interfaces invalid. The observations allowed only direct comparison between specimens and thus demonstrated the effect of the techniques under investigation. Heating of the component increased the mean strength of interface shear by 534.6 N (27%; p < 0.001). Vacuum mixing did not significantly increase shear strength.
Indentation to assess microhardness showed a gradient of hardness across the mantle. The warmest interface was consistently harder than the cooler area (Fig. 3) . There was a large variability between specimens and statistical significance was not achieved. The heated components produced a mean difference in hardness of -2.31 (SD 1.26). CalculaPhotographs showing transverse sections and the exposed implant-cement interface with a) a heated component at 40˚C and b) a component at room temperature. THE JOURNAL OF BONE AND JOINT SURGERY tion of the absolute difference in microhardness across each mantle produced a figure which was unaffected by variability between specimens. At room temperature components produced a mean difference in hardness of +3.07 (SD 1.16) (p < 0.0001). Analysis of this data by Student's t-test yielded a highly significant effect of heating of the component (p < 0.001). Vacuum mixing had no effect on the gradient of hardness in either heated or non-heated components (Student's t-test, p = 0.16 and 0.76, respectively). Figures 4 and 5 show representative images on electron microscopy of the implant-cement interface. The mantles of non-vacuum-mixed components at room temperature showed large voids distributed throughout the interface. In those with vacuum mixed cement at room temperature the mantles contained interface voids of similar dimensions to non-vacuum mixed specimens, but they were fewer in number. Heating appeared to eliminate interfacial voids, but on closer inspection small voids could be identified. A combination of vacuum mixing and component heating produced an implant-cement interface with very few voids and these were very small. Experiment 2. The mean interface porosity, SDs and 95% CIs were calculated for each temperature of the implant (Figs 6  and 7) . At room temperature the components showed a mean porosity at the interface of 49.9%, whereas at 44˚C this was 7.5%. We performed a linear regression analysis ( Fig. 7; Table I ), which suggested that there was a close relationship between the magnitude of the temperature difference across the cement and the porosity at the interface.
There were no significant differences in porosity at the interface between implants at room temperature and those heated to 32˚C (p = 0.102). It was necessary to heat the implant to 35˚C before a significant effect could be detected (p < 0.001) and porosity was reduced further when the implant was heated to 40˚C.
No further significant change occurred by heating to 44˚C (p = 0.34). The effect on porosity by heating to the various temperatures is shown in Table II .
Discussion
Our study has confirmed the effect of pre-heating the femoral component on the porosity at the cement-stem interface. Reduction in porosity increased the surface area of stem-cement contact which was reflected in an increase of 27% in shear strength on extraction. This did not represent the clinical circumstance since the cement-stem interface was loaded in axial compression shear in vivo rather than in extraction tensile shear. However, the increase reflected the increased area of surface contact of the interface, and complemented its appearance on SEM.
Vacuum mixing was shown to reduce the number of voids at the cement-stem interface, but had little effect on Graph showing implant temperature vs mean porosity of the implant-cement interface (95% CI).
Linear regression analysis for temperature of the implant and porosity of the interface. the dimensions of the remaining voids. Heating the implant appeared to restrict expansion of the voids at the stem interface. This could be explained by earlier completion of polymerisation at the warmer interface before significant voids appeared. The latter could not expand in solidified cement. A combination of vacuum mixing and component heating produced a void-free cement-stem interface.
The detection of a gradient in microhardness was unexpected. The warmer interface consistently appeared harder than the cooler surface and paralleled the appearance of voids across the mantle. Previous work regarding the evolution of voids has suggested that they expand primarily by temperature-dependent, pressure-driven expansion caused by evaporation of monomer into existing trapped air voids. 18 This process may be augmented by volumetric contraction of the cement. Voids may therefore act as depots of monomer leading to incomplete polymerisation of the surrounding cement. Reduced chain length, and consequent reduced steric hindrance, will alter the mechanical properties of the cement in the immediate region of the void. This may well be reflected in the gradient of hardness between areas of low and high porosity.
Previous studies reporting the effect of heating of the component on the cement-stem interface used vacuummixed cement. These did not maximise the ability to detect the effects of heating of the component on voids within the cement mantle. We used non-vacuum-mixed cement in our second experiment in order to produce a mixture containing numerous voids which allowed the effect of heating of the component to be more easily seen.
There is little information regarding the temperature of the cancellous bony bed before cementation. All previous work has been based on the assumption that the temperature of bone is the same as normal body temperature. Preparation of the canal and high-volume pulsatile lavage with fluid at room temperature may significantly reduce the temperature of the bone and lavage with chilled or iced fluids as a haemostatic measure will cool it even further.
There are conflicting reports concerning the impact of heated femoral components on the peak cement-bone temperature. Bishop et al 16 found no significant increase, but Iesaka et al 17 detected a rise of 6˚C in peak temperature with pre-heated components. Conversely, cooling the implant reduced the interface peak temperatures by 7˚C. 19 On balance it would appear that the initial temperature of the prosthesis influences the temperature of the bone interface.
There are concerns that heating the femoral stem will give an increased risk of thermal osteonecrosis. Lower initial bone temperatures and lower temperatures of preheated implants lessen this risk. The purpose of the second experiment was to determine the minimal temperature to which the prosthesis must be pre-heated in order to maximise the effect on interface porosity but to minimise the risk of thermal injury. A temperature difference between the bone and stem of 3˚C appears to reduce significantly porosity at the interface but the maximal effect is obtained with a difference of 7˚C across the mantle.
We have demonstrated the effect of pre-heating of the implant to various temperatures. Reduction of the voids in the high stress zone of the mantle immediately adjacent to the prosthesis is desirable. Heating the component and vacuum mixing appear to have complementary effects at the cement-stem interface. When using contemporary techniques of cementation with pulsatile lavage, preheating the implant to 40˚C is recommended. 
